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proteins, such as transcription factors, bind selectively
to DNA via short but highly conserved binding sites, a
second class of factors such as yeast centromere bind-
ing factor III (CBF3; Espelin et al., 1997) and the origin
recognition complex (ORC) bind to large, poorly con-
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served sites. Sequence-selective binding by these fac-
tors involves summing over DNA±protein contacts atªThere can be only one . . . º
many positions, only some of which contain invariantÐThe Highlander
bases. At other positions, several bases are tolerated,
and a particular binding site is functional as long asAccurate chromosome segregation at mitosis requires
some subset of the possible favorableDNA±protein con-the correct assembly of kinetochores, complexes of
tacts are made. The implication of this for the analysiscentromeric DNA and protein that link chromosomes to
of complex kinetochores is that a failure to detect ho-spindle microtubules. This review outlines evidence that
mology among different centromeres does not neces-specialized centromericchromatin is responsible for de-
sarily mean that they lack specific DNA-binding sites intermining where kinetochores assemble. The role that
common.DNA sequence plays in controlling the formation of this
Complex Regional Centromeres in Fissioncentromeric chromatin varies from organism to organ-
Yeast, Drosophila, and Human Cellsism. In budding yeast, kinetochores assemble only on
Centromeres in eukaryotes other than budding yeastcentromeric sequences present once on each chromo-
range from 40±100 kb in the fission yeast S. pombe tosome. In rare cases in Drosophila and humans, however,
several megabases in humans. In S. pombe, a series ofkinetochores can assemble at positions lacking detect-
approximately 5 kb repeated DNA elements (K, L, andable centromeric DNA. In these organisms, the location
M in figure 1b) surround a central core of 4±7 kb (Taka-of centromeric chromatin can vary among genetically
hashi et al., 1992; Baumet al., 1994). The core sequencesidentical cells, showing that kinetochore specification
differ among the three S. pombe chromosomes, as doeshas an epigenetic component.
the organization of the repeated elements, but both theOne and Only One Kinetochore Per Chromosome
cores and the repeated elements are largely restrictedAt mitosis, it is essential that all pairs of sister chroma-
tids achieve a state of bivalent attachment prior to the
onset of poleward movement at anaphase. Bivalent at-
tachment occurs when the kinetochore on one of the
sister chromatids isattached to microtubules emanating
from one spindle pole while the kinetochore on the other
sister is attached to microtubules from the opposite
pole. In most organisms, including both budding and
fission yeast, Drosophila, and humans, the generation
of bivalent attachment requires that one and only one
kinetochore assemble on each chromatid. A chromatid
lacking a functional kinetochore (an acentric chromatid)
cannot bind to microtubules and will not segregate cor-
rectly at mitosis. A chromatid with two kinetochores (a
dicentric chromatid) can attach to microtubules emanat-
ing from both spindle poles and is in danger of being
pulled in two directions at once, causing the chromatid
to fragment.
The formation of one and only one kinetochore per
chromosome could be explained by the selective bind-
ing of kinetochore proteins to DNA elements found only
at centromeres. This appears to be true in the budding
yeast S. cerevisiae, which has the simplest known cen-
tromeres. A 125 bp sequence, present once on each
chromosome, is necessary and sufficient for high-fidel-
ity segregation in meiosis and mitosis (Figure 1a). It is
Figure 1. Organization of Centromeres in Budding Yeast, Fissionwidely thought that whereas S. cerevisiae kinetochores
Yeast, and Drosophilacontain conventional sequence-specific DNA binding
The minimal fully or partially functional centromere region is brack-proteins, complex kinetochores in animal cells involve
eted, and the different DNA elements found at each centromere arefew, if any, sequence-specific contacts. However, even
boxed. The location of invariant bases in S. cerevisiae DNA element
the core56 bp CDEIII region in S.cerevisiae centromeres CDEIII is also highlighted. See text for further details. The S. pombe
contains only seven positions that are invariant among schematic is adapted from Baum et al., 1994, and the Drosophila
schematic from Sun et al., 1997.all 16 yeast chromosomes. Although many DNA-binding
Cell
314
to centromeres (a K-repeat homolog is also present at
the MAT locus; Grewal and Klar, 1997). A functional
centromere containing only a core sequence and a sin-
gle repeat can be smaller than 20 kb (Baum et al., 1994).
The recent molecular analysis of a Drosophila mini-
chromosome has provided the first detailed picture of
centromere organization in a multicellular eukaryote.
The centromere in the 1.3 Mb Drosophila minichromo-
some Dp1187 is a 420 kb centromere, of which 85%
consists of two different highly repetitive ªAATATº and
ªAAGAGº satellites and 10% consists of interspersed
transposons, both of which are also present elsewhere
in the genome (Figure 1c; Sun et al., 1997). The satellites
are remarkably homogenous arrays of 5 bp repeats that
extend for up to 150 kb. The remainder of the DNA is
specific to Dp1187 (and its X-chromosome parent) and
is nonrepetitive. Progressive deletion of the satellite and
transposon-containing DNA generates chromosomes
that are less and less active, and the deletion of the
centromere-specific nonrepetitive DNA abolishes ac-
tivity. Thus, it appears that Drosophila centromeres con-
sist of nonrepetitive core sequences and several highly
repetitive elements, both of which are necessary for kine- Figure 2. Index of Normal and Abnormal Chromosomes
tochore formation. Although S. pombe and fly regional See text for details.
centromeres are both much larger and more complex
than S. cerevisiae point centromeres, these regional CENP-C, and CENP-E, staining is observed only at the
centromeres are themselves significantly different. The site of the active centromere, with the inactive centro-
5 bp repetitive satellites in flies are quite unlike the mere showing little if any staining.
roughly 5 kb repeated elements in S. pombe, and none How are the active and inactive centromeres on Rob-
of the fly repeated sequences are centromere-specific. ertsonian translocations selected? Two findings suggest
Functional mammalian centromeres have not yetbeen that the process is random. First, when Robertsonian
fully characterized at a molecular level, but the use of translocations from different individuals but involving
antibodies against kinetochore proteins, so-called CENP the same two chromosomes are compared, either of the
antigens (CENP-A to CENP-F; see Pluta et al., 1995), two centromeres can form the active kinetochore. Sec-
allows active kinetochores to be identified and the ap- ond, in rare cases, the tissues of patients with Robert-
proximate location of centromeres to be determined. Hu- sonian translocations are mosaic with respect to the
man centromeres contain repeated 171 bp sequences active centromere. Rare cases of mosaicism may arise
(called alpha satellite DNA) typically arranged in tandem either because the newly formed dicentric retains both
arrays of 2±4 Mb (see Murphy and Karpen, 1998 [this active kinetochores for a few divisions in embryogene-
issue of Cell], for a more complete discussion). sis, or because the site of the active kinetochore oc-
Centromeric DNA: Neither Sufficient casionally switches in somatic cells. The existence of
Nor Necessary? mosaicism shows that either centromere can form a
The analysis of abnormal human chromosomes has functional kinetochore. However, the general rule in indi-
shown that the presence of an apparently intact centro- viduals with Robertsonian translocations is that the
mere is not sufficient to drive kinetochore formation. same centromere is active in all cells implying that, once
The most common type of abnormal chromosome, a established, the position of the active kinetochore can
Robertsonian translocation, is formed by linking to- propagate accurately from mother to daughter. Taken
gether two short arms from different chromosomes to together, these data argue that Robertsonian transloca-
form a large dicentric that is mitotically stable (Figure tions contain two potentially functional centromeres but
2). How does an apparently dicentric chromosome es- only one active kinetochore that is accurately propa-
cape the destructive breakage and rejoining cycles that gated during cell division.
are the usual fate of dicentrics? Although Robertsonian Not only is the presence of centromeric DNA insuffi-
translocations appear to have two centromeres, they cient to drive kinetochore formation, but the assembly
contain only one active kinetochore (Warburton et al., of human kinetochores may not strictly require the pres-
1997, and references therein). Both centromeres in Rob- ence of centromeric DNA. In 0.05% of live human births,
ertsonian translocations usually contain alpha satellite supernumerary chromosomes (also called marker chro-
DNA and bind CENP-B, and in many cases there is no mosomes) are created. Many marker chromosomes
evidence for gross deletions or rearrangements at the contain conventional centromeres, but one class lacks
centromeres. However, there is usually only one primary detectable hybridization to alpha satellite probes. In
constriction (the visible manifestation of a kinetochore in this class of alpha satellite±deficient marker chromo-
the light microscope) located at one of the two parental somes, a primary constriction is nevertheless visible,
centromeres. When kinetochores are visualized by im- and it appears to contain an active kinetochore by anti-
CENP-A, -C, and -E immunofluorescence (Choo, 1997).munofluorescence with antibodies against CENP-A,
Minireview
315
Moreover, the primary constriction is found at a location CSE4 probably performs a similar function, and the re-
quirement for CSE4 in chromosome segregation showsthat derives from what is normally euchromatic DNA in
the parental chromosome arm. This reflects the assem- that even the simplest kinetochores form in conjunction
with specialized chromatin (Bloom et al., 1984; Stoler etbly of a functional kinetochore on a DNA sequenceÐa
so-called neocentromereÐthat would never assemble al., 1995).
One interesting consequence of having centromerea kinetochore in normal cells (Figure 2). Neocentromeres
are quite rare, but 15 different neocentromere sites have position specified by specialized chromatin structures
is that kinetochore activity can be subject to epigeneticbeen detected on 18 supernumerary human chromo-
somes to date. Can we exclude the possibility that cen- effects. In S. pombe, minimal centromeres with trun-
cated cores are metastable. When placed in plasmidstromeric sequences have recombined into the site of
the neocentromeres? In one well-studied case, cosmids these metastable centromeres give rise to two classes
of transformed cells (Steiner and Clarke, 1994). In oneshown by FISH to span the neocentromere in a supernu-
merary chromosome have been shown by restriction class, the plasmid is lost as rapidly as an acentric plas-
mid; in the second, the plasmid is mitotically stable.and PCR analysis to have the same structure as DNA
derived from wild-type chromosomes in standard cell Moreover, stable plasmids retain their stability over
many generations, but if isolated and retransformed intolines and in cells from the patient's parents (du Sart et
al., 1997). Moreover, because the patient's neocentro- new cells, give rise to both stable and unstable trans-
formants. The simplestexplanation for this phenomenonmere did not appear to contain repetitive DNA, it was
possible to colocalize anti-CENP antibodies and FISH is that the initial assembly of functional kinetochores on
truncated minimal centromeres is less efficient than onsignals from labeled cosmids to an 80 kb region on
the supernumerary chromosome. The supernumerary wild-type centromeres, but that once kinetochores have
formed in a mother cell, they will also form efficiently inchromosome appeared to be mitotically stable because
mosaicism was not detected in the patient's tissues daughters. A second example of epigenetic control of
S. pombe centromeres is observed with drugs that in-or derived cell lines. Thus, we can conclude that an
apparently stable kinetochore had assembled on DNA duce histone hyperacetylation. Following drug treat-
ment, chromosome loss increases dramatically and ele-that is not normally centromeric.
A recent examination of neocentromere formation in vated loss persists in daughter cells even after the drug
is washed out (Ekwall et al., 1997). The hyperacetylationDrosophila confirms that functional kinetochores can be
established at normally noncentromeric DNA in organ- of centromeric chromatin and elevated rates of chromo-
some loss are metastable physiological states; at a lowisms other than humans (Williams et al., 1998). X-rays
were used to fragment the Drosophila Dp1187 minichro- frequency, both return to normal.
The connection between epigenetic regulation andmosome described above, and mitotically stable prod-
ucts were analyzed. Several minichromosomes were chromatin is not unexpected. Similar connections have
been observed at telomeres and silencers (see Grun-isolated that lacked the well-characterized 420 kb cen-
tromere but which were still much more stable in mitosis stein, 1998 [this issue of Cell]). In simple S. cerevisiae-
like centromeres, there is no evidence for epigeneticand male meiosis than acentric chromosome fragments.
It appeared that the centromere-deleted minichromo- effects, but specialized chromatin structures neverthe-
less appear to play an important role in kinetochoresomes had acquired a neocentromere. The presumptive
location of the neocentromerewas determined by immu- assembly. Epigenetic control of centromere specifica-
tion may exist because fusion chromosomes play a rolenofluorescence with antibodies to the kinetochore-spe-
cific ZW10 protein. None of the repetitive elements or in evolution and speciation. In the house mouse for ex-
ample, more than 40 different ªkaryotypic racesº havetransposons that are found in wild-type centromeres are
present at the neocentromere. Moreover, the DNA that been described. The normal laboratory strain of Mus
musculus contains 40 acrocentric chromosomes (chro-constitutes the neocentromere was not associated with
ZW10 staining in normal cells, further reinforcing the mosomes with one short and one long arm), but races
have been isolated in which there are as few as 22argument that it is not normally part of a wild-type cen-
tromere. These data strongly argue that functional fly chromosomes, all metacentric (chromosomes with ap-
proximately equal length arms) (Figure 2). The metacen-kinetochores can assemble on DNA that is not normally
centromeric. tric races arise from acrocentric races by chromosome
fusion. When the arrangement of chromosomes differsA Critical Role for Centromeric Chromatin
If kinetochore assembly is not strictly regulated by the sufficiently between two races, meiosis is so disturbed
in hybrids that they are sterile and the races becomeunderlying centromeric DNA sequence, then how is it
controlled? It seems likely that the location of kineto- reproductively isolated. One appealing, but controver-
sial, idea is that reproductive isolation can then givechores is determined by the position of centromeric
chromatin. In S. pombe, mutations in proteins required rise to a new species. Large-scale chromosome re-
arrangements might lead to reproductive isolation, andfor chromatin-dependent gene silencing (such as Clr4p,
Rik1p, and Swi6p) dramatically increase the rate of chro- thus speciation, much more rapidly than gene mutation
(Searle, 1998).mosome loss (Ekwall et al., 1995; see also Karpen and
Allshire, 1997, and references therein). In humans, cen- Controlling the Formation and Propagation
of Centromeric Chromatintromeric chromatin contains the histone H3-like protein
CENP-A, and it seems very likely that CENP-A is a sub- The formation of centromeric chromatin can be divided
into distinct, but related, steps of nucleation and propa-unit of specialized nucleosomes important for kineto-
chore assemble. In S. cerevisiae the CENP-A homolog gation. We can envision three obvious mechanisms to
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Pluta, A.F., Mackay, A.M., Ainsztein, A.M., Goldberg, I.G., and Earn-mosome by signals that emanate from particular chro-
shaw, W.C. (1995). Science 270, 1591±1594.mosome structures such as kinetochores or telomeres
Searle, J.B. (1998). Genome Res. 8, 1±3.(Williams et al., 1998). The recombinational enhancer on
Shelby, R.D., Vafa, O., and Sullivan, K.F. (1997). J. Cell Biol. 136,the left arm of budding yeast chromosome III provides
501±513.a precedence for a chromosome-wide effect that is con-
Steiner, N.C., and Clarke, L. (1994). Cell 79, 865±874.trolled by a localized DNA-bound structure (Szeto et al.,
Stoler, S., Keith,K.C., Curnick, K.E., and Fitzgerald-Hayes, M. (1995).1997). The binding of Mcm1p protein to two specific
Genes Dev. 9, 573±586.sites activates recombination along the entire chromo-
Sun, X., Wahlstrom, J., and Karpen, G. (1997). Cell 91, 1007±1019.some arm, and the association of the mating-type-spe-
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assembly permissive and allow the selection of a neo-
centromeric site. Once a kinetochore had assembled on
this neocentromere, further kinetochore assembly on
the same chromosome would then be inhibited.
To explain how neocentromeres can be transmitted
accurately during cell division, it seems necessary to
postulate that centromeric chromatin is templated from
preexisting chromatin on a parental chromosomes. The
templating of centromeric chromatin may involve mech-
anisms analogous to those that control the propagation
of active and inactive states of silenced or telomeric
chromatin (see Grunstein, 1998 [this issue of Cell]). How-
ever, other chromatin-dependent phenomena are known
to be metastable and to switch states every 100 divi-
sions or so. Clearly, the requirement for one and only
one centromere per chromosome is inconsistent with
this degree of variability. Thus, centromeric chromatin
must differ from other chromatin in the very tight control
that is exerted over its formation and propagation. It is
unclear whether an extension of existing models for
heritable states of chromatin is sufficient to explain the
high fidelity of kinetochore assembly, or whether addi-
tional mechanisms must be postulated. In the future we
will have to understand how, when it comes to kineto-
chores, there can be only one.
